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Summary
Molecularmechanisms generating the topographic or-
ganization of corticothalamic (CT) circuits, which com-
prise more than three-quarters of the synaptic inputs
ontosensory relayneurons, and their interdependence
with thalamocortical (TC) axon development are un-
known. Using in utero electroporation-mediated gene
transfer, we show that EphA7-mediated signaling on
neocortical axons controls the within-nucleus topog-
raphy of CT projections in the thalamus. Notably, CT
axons that misexpress EphA7 do not shift the relative
positioning of their pathway within the subcortical tel-
encephalon (ST), indicating that they do not depend
upon EphA7/ephrin-A signaling in the ST for estab-
lishing this topography. Moreover, misexpression of
cortical EphA7 results in disrupted topography of
CT projections, but unchanged inter- and intra-areal
topography of TC projections. Our results support
a model in which EphA/ephrin-A signaling controls in-
dependently the precision with which CT and TC pro-
jections develop, yet is essential for establishing their
topographic reciprocity.
Introduction
Each area of the mammalian neocortex has a reciprocal
connection with a unique set of thalamic nuclei, compos-
ing TC and CT projections that map topographically
within their respective targets. Although much attention
has focused on understanding the mechanisms involved
in guidance of TC axons to their target in the cerebral
cortex (Lopez-Bendito and Molnar, 2003), very little is
known about the mechanisms patterning reciprocal to-
pographic CT projections. This lack of knowledge con-
stitutes a major gap for two reasons. First, CT projections
are approximately 10-fold more abundant than TC pro-
jections and comprise almost 50% of the synaptic input
onto thalamic sensory relay neurons (Jones, 2002). Sec-
ond, there is increasing evidence indicating that feed-
back from the cortex plays a crucial role in modulating
the thalamic responses required to perform the complex
information processing and integration that underlie
mammalian behaviors (Jones, 2002; Alitto and Usrey,
2003; Temereanca and Simons, 2004). During develop-
ment, CT axons grow ventrally within the intermediate
zone of the neocortex, and make a sharp turn into the
ST, where they meet TC axons growing in the opposite
direction. Together, these early growing axons form the
internal capsule (IC). CT axons emerge from the IC and
*Correspondence: pat.levitt@vanderbilt.eduturn dorsally at the junction between the telencephalon
and diencephalon, projecting into the appropriate target
thalamic nuclei (Miller et al., 1993; Molnar et al., 1998; Au-
ladell et al., 2000).
It has been hypothesized that growing CT and TC ax-
ons meet their counterparts within the IC and are guided
to their targets through axon-axon interactions (Molnar
and Blakemore, 1995; Molnar et al., 1998). Recent evi-
dence from the analysis of a variety of mutant mice is
consistent with the hypothesis that normal growth and
targeting of CT and TC projections depend on mutual in-
teractions within the ST. For example, selective genetic
deletion of transcription factors Tbr1, Gbx2, Pax6, or
Emx1/2, which pattern the cortex or thalamus, results
in aberrant pathfinding and failure to reach normal tar-
gets by axons originating from both the dorsal thalamus
(DT) and cortex (Hevner et al., 2002; Bishop et al., 2003).
However, whether these interactions contribute only to
the gross targeting of TC and CT projections or further
to generate their topography is unknown.
Studies using mutant mice have not addressed the in-
terdependence between TC and CT projections for reg-
ulating final topography. Cues in the cortex may contrib-
ute to areal targeting of TC axons (Bishop et al., 2000;
Mallamaci et al., 2000; Zhou et al., 2001; Shimogori and
Grove, 2005). In some instances, such as the Emx2 and
Dlx1/2 mutant mice, CT projections are also disrupted
in the ST (Lopez-Bendito et al., 2002; Garel et al., 2002).
Ebf1 mutant mice exhibit mutually shifted TC and CT ax-
ons in the ST at embryonic day 16.5 (E16.5), but an initial
normal trajectory of CT axons as they emerge from the
cortex at E14.5 (Garel et al., 2002). The role of reciprocal
guidance is difficult to address using available mutant
mice due to potential confounding factors such as the
disruption of the terrain through which these axons tra-
verse (e.g., Dlx1/2, Emx2 mutants), the severe defects
that result in perinatal mortality, precluding analysis of
the final targeting patterns of axons, and the lack of a
strategy to differentially label TC and CT axons for anal-
ysis postnatally, when between- and within-region to-
pography is clearly established. An alternative approach
to investigate the strict interdependence of TC and CT
axon guidance would be the direct and selective manip-
ulation of axon guidance cues in one of the populations,
but this has not been evaluated experimentally.
EphA receptors and their ligands, ephrin-As, serve as
topographic labels in many circuits (Feldheim et al.,
1998; Vanderhaeghen et al., 2000; Uziel et al., 2002;
McLaughlin et al., 2003). In the TC system, ephrin-A5
was shown to act as a repulsive cue for somatosensory
TC axons expressing EphA receptors, and it appears to
control the topography of TC projections within cortical
areas (intra-areal topography) (Vanderhaeghen et al.,
2000; Uziel et al., 2002). Analysis of EphA/ephrin-A mu-
tants suggests that ephrin-A5 signaling may also control
the specificity of TC projections into individual cortical
areas (interareal topography) by regulating the position-
ing of TC axons within the ST (Dufour et al., 2003). To-
gether with recent studies reporting the role of the ST in
TC targeting (Garel et al., 2002; Seibt et al., 2003), Dufour
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ance cues in the ST control the interareal specificity while
intra-areal topography depends on cues within neo-
cortex (Dufour et al., 2003). Because EphA/ephrin-A-
targeted mutations delete expression in the DT, ST,
and cortex in the mice, the relative contributions of the
cues in the ST versus cortex, or the contribution of the in-
teraction between CT and TC axons on TC targeting, re-
main unknown. FGF8 misexpression studies in the cor-
tical primordium imply that positional cues within the
cortex, rather than within the ST, may independently de-
termine the final interareal specificity of TC projections
(Shimogori and Grove, 2005). These misexpression stud-
ies, however, have not addressed whether the shift of
TC projections depends on the guidance cues within the
cortex or the interactions with CT projections, the char-
acteristics of which also are likely to be shifted. In the pre-
sent study, we investigated the role of EphA/ephrin-A
signaling in the targeting of CT projections and examined
whether there is a required interdependence between CT
and TC axon targeting. We used in utero electroporation
to alter the graded pattern of EphA7 expression selec-
tively in the neocortex, thus excluding disruption of the
cue in the ST or DT and allowing cortical axons overex-
pressing or underexpressing EphA7 to interact with nor-
mal ephrin-A cues. Our results define graded expression
of EphA7 by neocortical neurons as a critical regulator of
the topographic targeting of CT axons within thalamic
nuclei and demonstrate the independence of this regula-
tion from relative positioning of CT axons within the ST.
Moreover, our results show that the topography of CT
projections can be disrupted while the inter- and intra-
areal topography of TC projections develops normally.
The data suggest that the final reciprocal circuitry can
develop independently.
Results
Complementary Gradients of EphA7
and Ephrin-A5 Expression
Expression patterns of EphAs in the DT and ephrin-As in
the ST and cortex have been emphasized with respect to
their roles in patterning of TC projections, but both re-
ceptors and ligands are expressed in multiple forebrain
regions (Mackarehtschian et al., 1999; Yun et al., 2003;
Bolz et al., 2004). In particular, gradients of EphA7 and
ephrin-A5 exhibit complementary expression patterns
from embryonic to postnatal ages, consistent with puta-
tive molecular interactions during development. At early
postnatal ages, when CT axons project into the DT and
branch extensively (Frassoni et al., 1995), there were ro-
bust EphA7 and ephrin-A5 complementary expression
patterns within the neocortex and the DT (Figure 1).
These patterns were already established at late embry-
onic ages, before large numbers of CT axons reach the
DT (see Figure S2 available in the Supplemental Data
available with this article online). EphA7 labeling was in-
tense in neocortical layers II/III and V and was moderate
in layer VI (Figures 1A and 1B). We noted that EphA7 ex-
pression in deep neocortical layers (layer VI and deep
in layer V; Figures 1A and 1B), from which CT axons orig-
inate, exhibited gradients complementary to those of
ephrin-A5 expression in layer IV (Figures 1D and 1E),
where TC axons mainly terminate. The gradients ofEphA7 expression in thalamic nuclei (Figure 1C) such
as the ventrobasal (VB) complex, which consists of the
ventral posteromedial (VPM) and ventral posterolateral
(VPL) nuclei, the medial division of the posterior nucleus
(POm), the dorsal lateral geniculate nucleus (dLG), and
the lateroposterior (LP) nucleus, were also complemen-
tary to those of ephrin-A5 (Figure 1F). Importantly,
based on known reciprocal connectivity between the
cortex and DT in the rodent, the gradients of EphA7 ex-
pression in deep neocortical layers were also comple-
mentary to ephrin-A5 gradients in their target thalamic
nuclei (Figures 1A, 1B, and 1F), and the gradients of
EphA7 expression in thalamic nuclei were complemen-
tary to ephrin-A5 gradients in layer IV of their target cor-
tical areas (Figures 1C, 1D, and 1E). CT axons from the
lateral part of S1 and the medial part of S2 (high EphA7
expression domain) project to the mediodorsal part of
VB and the lateroventral part of POm (low ephrin-A5 ex-
pression domain) (Nothias et al., 1988; Fabri and Burton,
1991; Alloway et al., 2003). On the other hand, CT axons
from the medial part of S1 and the lateral part of S2 (low
EphA7) project to the lateroventral part of VB and the
mediodorsal part of POm (high ephrin-5) (Nothias et al.,
1988; Fabri and Burton, 1991; Alloway et al., 2003). Sim-
ilarly, CT axons from the lateral (high EphA7) and medial
(low EphA7) parts of the visual cortical area project to
the medial (low ephrin-A5) and lateral (high ephrin-A5)
Figure 1. Complementary Gradients of EphA7 and ephrin-A5 Ex-
pression in the Neocortex and the DT at P4
(A–F) In situ hybridization for EphA7 (A–C) and ephrin-A5 (D–F) on
coronal sections. EphA7 expression exhibits specific gradients in
deep layers (layers V and VI) of S1 and S2 (A), visual (Vis) and auditory
(Aud) (B) cortical areas, and thalamic nuclei (C). Ephrin-A5 is ex-
pressed in specific gradients in S1 and S2 (D), visual (E) cortical
areas, and thalamic nuclei (F) complementary to EphA7 expression
gradients. Gradients of EphA7 expression in the neocortex are also
complementary to the gradients of ephrin-A5 expression in the tha-
lamic nuclei (e.g., CT axons from the lateral part of S1 [high EphA7
expression domain] project to the mediodorsal part of VB [low
ephrin-A5 expression domain], and CT axons from the medial part of
S1 [lowEphA7] project to the lateroventral part of VB [high ephrin-5]).
Note the low ephrin-A5 in situ staining in the boundary region be-
tween POm and VPM, which exhibits an accumulation of CT axons
from S1/S2 cortex (See Figures 4 and 5). Triangles represent gra-
dients of EphA7 in deep layers in (A) and (B) and of ephrin-A5 in layer
IV in (D) and (E). Brackets indicate deep layers in (A) and (B) and layer
IV in (D) and (E). Arrowheads denote boundaries between designated
neocortical areas. Cytochrome oxidase (CO) staining was performed
as a reference for cortical areas and layers and thalamic nuclei (Fig-
ure S1). Scale bars, 300 mm.
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Reciprocal TC axons from each thalamic nucleus pro-
ject topographically to the specific cortical area (Carvell
and Simons, 1987; Nothias et al., 1988; Fabri and Burton,
1991; Deschenes et al., 1998).
We next performed human Fc-tagged ephrin-A5 and
EphA7 binding histochemistry to investigate the distri-
bution of their receptor and ligand proteins, respectively
(Figure S3). Distribution of the receptor for ephrin-A5, in-
dicated by ephrin-A5-Fc binding, exhibited graded pat-
terns in the neocortex and the DT. These patterns ap-
peared similar to those of EphA7 mRNA expression
(Figures 1A–1C). We also noted that ligand distribution
for EphA7 in the neocortex and the DT, as indicated by
Eph-A7-Fc binding, was similar to that distribution in
those regions for ephrin-A5 mRNA (Figures 1D–1F). The
ligand binding and receptor binding data, together with
the in situ hybridization patterns, demonstrate that
EphA7 and ephrin-A5 are expressed in complementary
gradients within, as well as between, specific neocortical
areas and their respective thalamic nuclei. These find-
ings are consistent with the hypothesis that EphA7 and
ephrin-A5 are receptor and ligand partners in vivo.
Neocortical Layer Organization Is Not Disrupted
by EphA7 Overexpression
Due to the complex expression patterns described
above, the precise guidance role unique to CT pattern-
ing is difficult to distinguish inEphA and/or ephrin-Amu-
tant mice; the constitutive knockouts will exhibit altered
expression and interrelated defects in the DT, ST, and
cortex, and appropriate floxed lines do not exist. In or-
der to overcome this problem, we used in utero electro-
poration. Mouse embryos were electroporated at E12.5,
a period well before the elaboration of CT axons, and the
projections of CT and TC axons were analyzed at post-
natal stages.
EphA7 or control plasmid DNA was cotransfected with
an enhanced yellow fluorescent protein (EYFP) expres-
sion plasmid as a marker for the electroporated neocor-
tical domains. In control (data not shown) and EphA7-
electroporated brains, transferred gene expression was
detected in both subplate neurons, which are born from
E11.5 to E13.5, and later-born cortical plate neurons (Ta-
kahashi et al., 1999; Hevner et al., 2003), consistent with
the stage of electroporation at E12.5 (Figure 2A).
We first analyzed parameters of cortical development
to eliminate the possibility that any disruption of CT ax-
onal patterning was due to aberrant formation of the
neocortex proper following EphA7 electroporation. Sev-
eral lines of evidence indicate that cortical development
proceeded normally. First, we did not observe any layer-
specific accumulation of EYFP+ cells with ectopic EphA7
expression (Figure 2A), and DAPI staining showed no
obvious disruption of neocortical layers in electropo-
rated regions (Figure 2B). Second, cresyl violet staining
showed that radial positioning of EphA7-transfected
cells was normal, and no aberrant layer patterning was
observed in the electroporated regions (Figures 2C and
2D). Third, we examined the expression patterns of two
different transcription factors that serve as markers of
specific layers—FoxP2 (Ferland et al., 2003) and Oct6
(also known as SCIP or Tst-1) (Frantz et al., 1994). Pat-
terns of FoxP2 expression in layer VI (Figure 2E) andOct6 expression in layers II/III and V (Figure 2G) were
normal throughout the cortex, including regions con-
taining the EphA7-transfected cells (Figures 2F and
2H). Thus, overexpression of EphA7 in restricted regions
of the cerebral wall during prenatal development does
not cause disruption of the patterning of emerging neo-
cortical layers postnatally.
Overexpression of EphA7 Shifts Topographic
Targeting of CT Projections
Next, we analyzed the projections of CT axons inEphA7-
electroporated brains. For these experiments, EphA7 or
control plasmid DNA was mixed with a high concentra-
tion of DsRed2 expression plasmid and a low concentra-
tion of EYFP expression plasmid (see Experimental Pro-
cedures). We confirmed that EYFP+/DsRed2+ cells in the
neocortex and axons in the ST express higher levels of
ectopic gene expression relative to EYFP2/DsRed2+
cells and axons in electroporated brains (Figure 3). In
EphA7-electroporated brains, EYFP+/DsRed2+ cells and
axons strongly expressed EphA7 detected by ephrin-
A5-Fc binding (Figure 3, arrowheads), whereas EYFP2/
DsRed2+ cells and axons exhibited little or no staining
(Figure 3, arrows). A strong correlation between expres-
sion levels of EYFP, DsRed2, and the ectopic gene in our
Figure 2. Normal Organization of Neocortical Layers in EphA7-Elec-
troporated Brains
(A and B) EYFP immunostaining (A) and DAPI staining (B) of P4 neo-
cortex (coronal plane). EYFP+ cells expressing ectopic EphA7 are
distributed across all layers (A), and DAPI staining reveals normal
lamination (B). Scale bars, 100 mm.
(CandD)EYFP immunostaining (C) andcresyl violet staining (D) onad-
jacent coronal sections from P6 neocortex, showing normal layer pat-
terning in EYFP+ EphA7-electroporated regions. Scale bars, 200 mm.
(E–H) Immunostaining for FoxP2 (E and F) or Oct6 (G and H), and
EYFP (F and H), on coronal sections from P4 neocortex. Layer-
specific expression patterns of FoxP2 (layer VI) and Oct6 (layers II/
III and V) are intact (E and G), and EYFP+ cells with ectopic EphA7
expression express these markers only in appropriate layers (yellow
in merged images; arrowheads in [E]–[H]). Scale bars, 100 mm.
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ing the correlation between relative intensities of green
fluorescent protein (GFP) and DsRed2 fluorescence in
brains in which expression plasmids for both markers
were electroporated (Hatanaka et al., 2004). Thus, trans-
ferring these two different markers at specific concentra-
tions enabled us to compare differential projection pat-
terns between CT axons with higher (EYFP+/DsRed2+:
yellow; designatedEYFP+ axons)and lower to no (EYFP2/
DsRed2+: red; designated EYFP2 axons) levels of ec-
topic gene expression originating from the same cortical
region (indicated in Figure 3J). The overall labeling
scheme using electroporated markers allowed the trac-
Figure 3. Differential Labeling of EYFP+and EYFP2 CT Neuron Pop-
ulations that Express Different Levels of Ectopic EphA7 by In Utero
Electroporation
(A–L) Immunostaining of DsRed2 (red) and EYFP (green) and ephrin-
A5-Fc binding histochemistry (blue) on coronal sections of P4 brains,
which were electroporated with EphA7 expression plasmid mixed
with higher concentration of DsRed2 and lower concentrations of
EYFP expression plasmids (see Experimental Procedures). (A)–(F)
show the cell bodies in the neocortex, and (G)–(L) show CT axons
in the ST. DsRed2 labels all transfected cells (A) and axons (G), in-
cluding EYFP2 (= EYFP2/DsRed2+) cells and axons with lower levels
of ectopic EphA7 expression, indicated by weaker ephrin-A5-Fc
binding (for cells, arrows in [A], [C], and merged images in [F]; for ax-
ons, arrows in [G], [I], and merged images in [L]). EYFP labels the sub-
population of cells (B) and axons (H) (EYFP+ = EYFP+/DsRed2+; see
merged images in [D] and [J]) with higher levels of ectopic EphA7 ex-
pression detected by stronger ephrin-A5-Fc binding (for cells, arrow-
heads in [B], [C], and merged images in [E] and [F]; for axons, arrow-
heads in [H], [I], and merged images in [K] and [L]). Scale bars, 20 mm.ing of the different subsets of CT axons from the neo-
cortex to the thalamus (Figure S4), without the need for
exogenous application of dyes, which can confound
analysis because both CT and TC axon populations are
labeled. Ectopic genes were transferred into distinct cor-
tical areas by controlling the placement of the electrodes
(Figure S4). In mice electroporated with control con-
structs in S1/S2 regions, EYFP+ and EYFP2 CT axons
were organized normally in VB and POm (Figures 4A–4C)
at P4, accumulating in topographically appropriate re-
gions along the dorsomedial-ventrolateral axis in VB
and POm (arrowheads), with an additional boundary re-
gion (POm/VPM) of dense innervation (Nothias et al.,
1988; Fabri and Burton, 1991; Deschenes et al., 1998;
Alloway et al., 2003). This POm/VPM boundary region
has the lowest expression of ephrin-A5 (see Figure 1F).
In EphA7-electroporated brains, however, the majority
of EYFP+ (increased levels of EphA7) axons failed to dis-
tribute correctly within their target nuclei, instead coa-
lescing heavily at the border region between VB and
POm, where ephrin-A5 expression is the lowest (Figure
4E, arrow; compare to Figure 1F). In contrast, EYFP2 (rel-
atively normal levels of EphA7) axons entered and dis-
tributed normally within these nuclei (Figure 4F, arrow-
head). In control brains electroporated without the
EphA7 construct, such distinctions between EYFP+ and
EYFP2 axons never were observed (Figures 4A–4C).
A similar disruption of CT axon patterning was evident
when ectopic gene expression was targeted to visual
cortical areas (Figures 4G–4L). We analyzed CT pattern-
ing in LP because most cases of ectopic EphA7 expres-
sion included only secondary visual areas, which project
mainly to LP. In control brains, CT axons entered
normally into LP at P4 (Figures 4G–4I). In contrast, in
EphA7-electroporated brains, the majority of EYFP+ CT
axons accumulated at or just across the junction be-
tween dLG and LP, where ephrin-A5 expression is low
(Figure 4K, arrow; compare to Figure 1F), whereas
EYFP2 CT axons extended into LP (Figure 4L, arrow-
head). Overall, the topographic targeting of EphA7-
overexpressing CT axons shifted to domains near or
within thalamic targets where ephrin-A5 levels are low.
Decreasing EphA7 Causes a Shift of CT Projections
Inverse to the Pattern Observed in Overexpression
To provide additional evidence that neocortical EphA7 is
involved in CT axon patterning, EphA7 siRNA was elec-
troporated at E12.5 to reduce endogenous expression
levels of EphA7 in the cortex. Activity and specificity of
the siRNA in vivo was confirmed by decreased EphA7
mRNA expression (Figures 5A–5F); there was no effect
on expression ofEphA5, another gene of theEphA family
(data not shown). As noted for overexpression of EphA7,
siRNA-mediated reduction of EphA7 expression in the
somatosensory areas did not cause disruption of neo-
cortical layer patterning (data not shown), but did result
in a clear shift in the mapping of CT projections in a man-
ner inverse to that observed following EphA7 overex-
pression. Thus, EYFP+ (here, indicating decreased levels
of EphA7) CT axons were segregated from EYFP2 (rela-
tively normal levels of EphA7) axons, with the former dis-
tributing into more ventrolateral regions that express
higher levels of ephrin-A5 (Figures 5J–5L; compare to
Figure 1F). In control siRNA-electroporated brains, such
Ephs and Corticothalamic Development
567Figure 4. EphA7 Overexpression in S1/S2 or
Visual Cortex Results in Shifts of CT Projec-
tions in their Target Thalamic Nuclei
(A–L) Immunostaining of DsRed2 (red) and
EYFP (green) in coronal sections from P4
brains, which were electroporated with con-
trol (A–C and G–I) or EphA7 (D–F and J–L) ex-
pression plasmids in S1 (A–F) or visual (G–L)
cortex. In control plasmid-electroporated
(EP) brains, EYFP+ CT axons (B and H) distrib-
uted evenly among all CT axons from trans-
fected cells (A and G) within VB and along
the boundary area of POm and VPM, or LP
(arrowheads). Merged images show that
EYFP+ (red/green overlap = yellow) and
EYFP2 axons (red) distributed in the same re-
gions within these nuclei (C and I, arrow-
heads). In brains electroporated with EphA7
plasmid in S1, EYFP+ (increased levels of
EphA7) axons accumulated in even greater
numbers at the lowest ephrin-A5 expressing
region, at the border region between the VB
and POm (E and yellow in [F], arrows), among
all axons from transfected cells (D). The
EYFP+ axons were segregated from EYFP2
(relatively normal levels of EphA7) axons
(red in [F], arrowheads), except in the region
of lowest ephrin-A5 expression, at the POm/
VPM boundary. In brains electroporated with
EphA7 plasmid in the visual area, EYFP+ ax-
ons accumulated around the junction region
between dLG and LP (K and yellow in [L], ar-
rows), failing to extend further into LP regions
of higher ephrin-A5 expression, where the
EYFP2 CT axons extended (red in [L], arrow-
heads), among all CT axons from transfected
cells (J). Scale bar, 300 mm.axonal segregation never was observed (Figures 5G–5I).
These disparities in CT axon mapping, caused by over-
expression and reduction of EphA7, were even more
prominent at P12, when the pattern of terminal arboriza-
tions approaches maturity (Figure 6).
While the qualitative patterns of CT axon distribution
suggest a vital role for EphA7 in within-nucleus target-
ing, we performed quantitative analysis in order to dem-
onstrate both experimental reproducibility and the ex-
tent to which altering levels of EphA7 expression by
neocortical neurons can impact CT development. Com-
puter-based rotation of the axonal distribution pattern in
each animal facilitated quantitative analysis of the distri-
bution of labeled axons across POm and VB (Figure 5M;
see Experimental Procedures in detail). The data dem-
onstrate that there was a statistically significant, inverse
shift in CT axon targeting, compared to control, between
EphA7 overexpression and inhibition in S1/S2 cortex
(Figure 5N). In normal and EphA7-manipulated brains,
subpopulations of CT axons accumulated at the POm/
VPM boundary, within the region of the lowest ephrin-A5
expression. The dense innervation of this border region
is seen in the normal adult thalamus (Deschenes et al.,
1998). The quantitative analysis clearly revealed a strong
shift of CT projections toward the POm/VPM boundary
due to EphA7 overexpression (Figure 5N, green bars)
and a shift toward the more lateral region around the
VPM/VPL boundary due to reduced EphA7 expression
(Figure 5N, black bars). These results show that EphA7
expressed on afferents contributes to CT topographic
map formation, and they are consistent with CT axonsthat arise from sensory neocortical regions using the
complementary gradients of ephrin-A5 in thalamic
nuclei as topographic labels.
EphA7-Mediated Control of CT Axon Targeting
Does Not Involve the Positional Control of
CT Axons within the ST
Recent studies suggest that the topography of TC pro-
jections may not be strictly determined by cues located
within the neocortex proper, but rather may be regulated
by the relative positioning of thalamic axons within the
ST (Garel et al., 2002; Seibt et al., 2003). Ephrin-A5 ex-
pressed in the ST appears to control this positioning (Du-
four et al., 2003). Similarly, the altered CT mapping that
we observed by changing EphA7 levels in neocortical
neurons could result from altered positioning of CT ax-
ons responding to ephrin-A5 at the ST. To investigate
this possibility, we analyzed the distribution of normal
and EphA7-overexpressing CT axons within the ST of
EphA7-electroporated brains. In all cases in which
EphA7 was electroporated into somatosensory or visual
cortex (n = 13), there were no obvious differences in the
positioning of EYFP+ and EYFP2 CT axons in the ST,
but rather, the populations completely intermingled,
even within a single bundle level (Figure 7). To determine
if there were more subtle shifts, we quantitated the influ-
ence of EphA7 overexpression on the positioning of CT
axons in the ST by plotting the distances of the weight
center of EYFP+ axons from that of DsRed2+ axons in
cross-sections around the exit point of the IC, where
the guidance within the ST should be reflected (Figure
Neuron
568Figure 5. Shifts of CT Projections in VB by Electroporation of EphA7 siRNA in S1/S2 and Quantification of the Topography of CT Projections in VB
and POm of P4 Brains Electroporated with EphA7 or EphA7 siRNA in S1/S2
(A–F) EphA7 siRNA activity suppresses endogenous expression of EphA7. Reduced expression of EphA7was confirmed in P0 cerebral cortex by
the decrease of endogenous EphA7 mRNA labeling, detected by in situ hybridization (red) in cells electroporated with EphA7 siRNA (D–F, arrow-
heads), which were also immunostained for cotransfected EYFP (green in [D] and [F]), compared to control in which electroporated cells (green in
[A] and yellow in [C]) show normal endogenous EphA7 expression (B and C, arrowheads). Note that all of the EYFP+ neurons are double labeled
for EphA7 in the control section (yellow in [C]), whereas none of the EYFP+ cells in the section from the siRNA-treated brain are double labeled (no
yellow cells in [F]). Endogenous EphA7 expression was maintained in EYFP2 cells in the EphA7 siRNA electroporated brains (E and F, arrows).
Scale bar, 50 mm.
(G–L) Immunostaining of EYFP (green) and DsRed2 (red) in coronal sections through the DT at P4. The brains were electroporated with control (G–I)
or EphA7 siRNA (J–L) into presumptive S1 cortex. EYFP+ (H, and yellow in [I]) and EYFP2 (red in [I]) CT axons distributed in the same area in VB
(arrowheads) among all CT axons from transfected cells in control (G). In EphA7 siRNA-electroporated brains, subpopulations of labeled axons
still project to the region of lowestephrin-A5expression, as seen in normal brains, along the POm/VPM boundary (J), but in addition, there are clear
shifts of EYFP+ (decreased levels of EphA7) CT axons within VB, distributing in more ventrolateral domains (K and yellow in [L], arrows) than nor-
mally seen. These EYFP+ axons are segregated from EYFP2 (relatively normal levels of EphA7) axons (red in [L], arrowheads). Scale bar, 300 mm.
(M) Schema for quantification of the shift of CT projections due to overexpression or reduced expression of EphA7. See the Experimental Proce-
dures for details.
(N) The percentage distribution of area occupied by EYFP+ CT projections (y axis) is represented against relative position across VPM/VPL and
POm (x axis, as indicated by the arrow in [M]). The inverse shift in CT targeting by electroporation of EphA7 expression plasmid and EphA7 siRNA
compared to control is represented. All shifts were highly significant (Repeated Measures ANOVA F(58, 319) = 4.90, p < 0.001). Arrowheads in-
dicate the POm/VPM and VPM/VPL boundary regions. Error bars in N represent SEM. n, the number of brains analyzed in each condition.7D; see Experimental Procedures for details). The analy-
sis shows that there were no shifts in the distribution of
EYFP+ axons compared to DsRed2+ axons along both
anteroposterior and ventrodorsal axes (Figure 7D, right
panel). These data indicate that CT axons do not use
the ST-located ephrin-A5 repulsive cue in the same fash-
ion as TC axons, and thus the CT mapping shifts that we
observed in the DT do not result from positional shifts of
these axons in the ST.
The Shift of CT Axon Targeting Is Independent
of TC Axon Targeting
Because positioning of EYFP+ and EYFP2 CT axons
within the ST inEphA7-electroporated brains is the same
as in controls, these two populations likely encounterthe same sets of TC axons in the IC. Formally, however,
there was still a possibility that the shift of EYFP+ CT
axons in the thalamus would be paralleled by a spatially
matched shift of TC axon counterparts. To test this pos-
sibility, we first examined the overall pattern of TC pro-
jections at E18.5 in EphA7-electroporated brains by
immunohistochemistry for netrin-G1, which selectively
labels TC axons (Nakashiba et al., 2002) (Figures 8A–8F).
The trajectory of netrin-G1+ TC projections, visualized
from the DT to the cortex on the electroporated side,
was identical to that on the control side. At a gross level,
within the ST, TC axons were mingled with CT axons, in-
cluding EYFP+ axons, without any unusual crossing or di-
vergence (Figure 8D). In the cortex, netrin-G1+ axons fol-
lowed a normal subcortical pathway, and fasciculation
Ephs and Corticothalamic Development
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by Electroporation of EphA7 Plasmid or
EphA7 siRNA into S1/S2
(A–I) Immunostaining of EYFP (green) and
DsRed2 (red) in coronal sections. EYFP+ (B
and yellow in [C]) and EYFP2 (red in [C]) CT ax-
ons show the same distribution in control
plasmid-electroporated brains (arrowheads)
among all CT axons from transfected cells
(A). Note the normal accumulation of axons
in the lowest ephrin-A5-expressing region,
at the POm/VPM boundary. InEphA7-electro-
porated brains, EYFP+ (increased levels of
EphA7) CT axons (E and yellow in [F], arrows)
were differentially distributed from EYFP2
(relatively normal levels of EphA7) axons (red
in [F], arrowheads), accumulating in greater
numbers at the border region between VPM
and POm among all CT axons from trans-
fected cells (D). In EphA7 siRNA-electropo-
rated brains, EYFP+ (decreased levels of
EphA7) axons showed an opposite shift to
more ventrolateral domains in VB (H and yel-
low in [I], arrows) among all CT axons from
transfected cells (G). These EYFP+ axons are
segregated from EYFP2 (relatively normal lev-
els of EphA7) axons (red in [I], arrowheads).
Scale bar, 300 mm.and ingrowth into the cortical plate (Figures 8E and 8F)
were identical to those on the control side.
While gross patterning was unchanged, we performed
two other studies to examine the topographic patterning
of TC projections. First, analysis of the bilateral TC con-
nectivity in brains electroporated with EphA7 in the S1
area was done, using superficial DiI (1,10-dioctadecyl-
3,3,30,30-tetramethylindocarbocyanine perchlorate) in-
jections into the electroporated region of S1 and the ho-
motopic contralateral area. In all cases examined (n = 5),
TC axons and thalamic neurons within VB and POm
were retrogradely labeled, corresponding to the region
in which the DiI crystals were placed within S1, without
any difference between the electroporated and control
sides of the thalamus (Figures 8G and 8H; Figure S5).
In no animals did we observe ectopic accumulation of
labeled thalamic neurons around the border of VB and
POm, as was seen for EphA7-overexpressing CT axons
in the same brains (Figure 8I; Figure S5). Thus, the shift in
CT mapping was not associated with a matching shift of
TC projections to S1 cortex.
The single labeling paradigm demonstrates normal
interareal topography. In order to determine further
whether there were any topographic shifts of TC axons
that innervated different subfields of the same area of
EphA7-electroporated S1 neocortex, we placed DiI
and DiA (4-(4-(dihexadecylamino)styryl)-N-methylpyri-
dinium iodide) superficially at medial and lateral aspects
of S1, located within the domain in which ectopic EphA7
is expressed (Figure 8J). DiI- and DiA-labeled TC axons
were traced along parallel pathways in the ST without
any obvious shifts in topography (n = 3). In fact, both DiI-
and DiA-labeled axons were intermingled with EYFP+ CT
axons (Figure 8K). Moreover, there was normal topo-
graphic distribution of retrogradely labeled DiI and DiAneurons within VB (Figure 8L: DiI-labeled medial VB neu-
rons project to lateral S1 [red]; DiA-labeled lateral VB
neurons project to medial S1 [blue]). These data collec-
tively demonstrate that TC axons intermingle with CT
axons that overexpress EphA7, and, in addition, their in-
ter- and intra-areal topography is normal even when
EphA7 is overexpressed in a neocortical target region.
Discussion
The present study demonstrates that the gradient of
EphA7 receptor levels expressed by neocortical neurons
controls the topography of CT projections through local
interactions within individual thalamic nuclei. Moreover,
this EphA7-mediated mapping is independent both of
the relative positioning of CT axons in the ST and the to-
pographic mapping of TC projections.
Topographic Mapping of CT Axons by
EphA7-Mediated Signaling within Thalamic Nuclei
The strategy of using in utero electroporation prior to CT
and TC development provides an approach to modulate
EphA7 expression levels selectively in specific regions
of the neocortex. Our data demonstrate a precision in
the shift in topographic mapping of CT projections
within thalamic nuclei. The shift depends upon the rela-
tive levels of EphA7 expression by neocortical neurons
and is highly predictable and reproducible based on
the distribution of the putative complementary ligand,
ephrin-A5. Our demonstration of ephrin-A5-Fc binding to
axonsoverexpressingEphA7supports theirmutual bind-
ing activity in vivo. The expression patterns ofEphA7and
ephrin-A5arehighlycomplementary in theneocortexand
DT and are similar to ephrin-A5-Fc and EphA7-Fc bind-
ing patterns, respectively. These patterns are consistent
Neuron
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(A–C) Immunostaining of EYFP and DsRed2 at P4 in brains electroporated with EphA7 plasmid. In a coronal section through the ST, CT axons
with higher (EYFP+) and lower/no (EYFP2) levels of ectopic EphA7 expression were labeled along the same pathway (yellow and red, respec-
tively) in the ST with no segregation (A). In a cross-sectional view, EYFP+ and EYFP2 CT projections show the identical distribution, coalescing
into several bundles of axons in the ST (B). Higher magnification view (C) shows intermingling of individual EYFP+ (arrowheads) and EYFP2 (ar-
rows) axons within each bundle without segregation. Scale bars, 300 mm, 100 mm, and 30 mm (for A, B, and C, respectively).
(D) The lack of a shift of CT projections in the ST of P4 brains is supported by quantitative analysis of the IC distribution of EphA7-overexpressing
axons among axons from all transfected cells. The left three panels show the schema to calculate the distance of the centers of the distribution of
EYFP+ CT projections from that of DsRed2+ CT projections (see the Experimental Procedures for details). The right panel is a scatter plot rep-
resenting the distance obtained from four electroporated brains (green dots). The maximal distance in all the four individual brains was about
23.2 mm. The mean 6 SEM (black dot) was X: 0.2 6 4.0 and Y: 21.7 6 6.5. Scale bar, 500 mm.with our hypothesis that ephrin-A5 serves as a dominant
ligand in vivo for EphA7 among combinatorial gradients
of ephrin-As. This also is consistent with the evidence
that ephrin-A5 selectively binds EphA7 in the lysates of
postnatal striatal tissue (Janis et al., 1999).
The molecular basis of EphA7-mediated mapping of
CT projections by ephrin-As may occur by the relative
sensitivity of CT axons, defined by comparative levels
of EphA7 receptor expression, to ephrin-A cues within
thalamic nuclei. Such a mechanism has been suggested
by genetic studies of mouse retinocollicular topography,
in which relative levels of expression of EphA receptors
on neighboring retinal ganglion cells mediate the repul-
sive ephrin-A signaling and control nasotemporal topog-
raphy through axon competition (Brown et al., 2000; Re-
ber et al., 2004). Map formation also could be mediated
by other mechanisms. For example, CT axons that ex-
press different levels of EphA7 receptors may exhibit dif-
ferential sensitivity to ephrin-A concentrations, resulting
in a ligand concentration-dependent shift from positive
to negative responses in axon growth (Hansen et al.,
2004).
Topographic Targeting of CT Projections
Independent of the Positioning in the
ST and the Topography of TC Projections
Recent studies suggest that the specificity of TC projec-
tions between cortical areas is regulated by the position-
ing of TC axons within the ST (Lopez-Bendito et al., 2002;
Garel et al., 2002; Dufour et al., 2003; Seibt et al., 2003).This model supports the hypothesis that the reciprocal
topography of CT and TC axons might be determined
by their specific interaction in the ST (Molnar and Blake-
more, 1995; Molnar et al., 1998). These studies, however,
used mutant mice that were early lethal, or in which the
disrupted genes were expressed in some combination
of the DT, ST, and neocortex. This precludes analysis
of the relative contributions of the ST, neocortex, or the
interaction between TC and CT axons, to the final topog-
raphy of TC projections. Our results show that EphA7-
mediated CT axon targeting is independent of the
positioning of their pathways within the ST and any con-
comitant change in TC projection topography. They pro-
vide evidence that the regulation within the DT itself
plays a central role in establishing the topography of
CT projections within each nucleus. Our data do not ad-
dress the issue of whether between-nuclei specificity of
CT projections is controlled by their positioning in the ST.
The more gross organization of CT axons may depend
upon specific interaction with TC projections, though
this remains to be formally tested with specific candidate
molecules.
Our results demonstrate a definitive difference be-
tween guidance mechanisms for CT and TC projections.
Lack of disruption of CT axons in the ST by altering
EphA7 expression levels contrasts with the shift of TC
projections in the ST of EphA and/or ephrin-A mutants
(Dufour et al., 2003). While the axons clearly overexpress
EphA7 as they grow through the ST, the absence of
a shift suggests that growing CT axons, as they pass
Ephs and Corticothalamic Development
571Figure 8. Topography of TC Projections Is
Normal in EphA7-Electroporated Brains
(A–F) Immunostaining for netrin-G1 (red) and
EYFP (green) at E18.5 to examine possible
gross differences in TC axon trajectories.
Overall projection pattern of netrin-G1+ TC
axons on the electroporated side (B and C)
is the same compared to that on the control
side (A). In a higher-magnification view, TC
axons are fasciculated with EYFP+ CT axons,
without any unusual crossing or divergence
within the ST (D). The netrin-G1+ axons extend
into the EYFP+ neocortical region without any
apparent gross disruption (E and F).
(G–I) Single labeling with DiI in the same brain
of EphA7-electroporated and control S1 cor-
tex (G and H). A cluster of retrogradely labeled
TC neurons was present in the same location
of VB on the control (G) and electroporated (H)
sides. EYFP+ CT axons in the same brain
show the typical abnormal accumulation
around the VB/POm boundary (I), illustrating
a topography distinct from that of TC neurons
(compare [H] and [I]).
(J–L) Triple labeling with DiI (red) and DiA
(blue) and EYFP immunostaining (green) to
examine the within-area topography of TC
projections to S1 cortex. DiI and DiA crystals
were inserted superficially into the lateral and
medial aspects of the EYFP+ EphA7-electro-
porated S1 region, respectively (J). EYFP+
CT axons are associated with DiI and DiA la-
beled TC axons projecting in parallel within
the ST (K), whereas their terminal axons
within VB/POm were topographically segre-
gated from retrogradely labeled clusters of
TC neurons (L). Note that the intra-areal topo-
graphic relationship of DiI and DiA labeled TC
neurons at the medial and lateral region of VB
to project to the lateral and medial part of S1
is normal as described (Carvell and Simons,
1987; Nothias et al., 1988; Fabri and Burton,
1991; Deschenes et al., 1998). Scale bars,
300 mm (A–C, G–I, J, and L); 200 mm (D–F),
and 100 mm (K).through the ST, are unresponsive to the gradients of
ephrin-As until they reach the thalamus. Alternatively,
other guidance molecules, or some other Eph/ephrin
combination, may have stronger effects to restrict the
pathway of CT axons within the ST.
The present study formally tested whether disruption
of TC and CT circuits can occur independently. We
note that our formal model of differential control of CT
and TC guidance is consistent with the report of normal
emergence of CT axons from the cortex in the Ebf1
knockout mice at E14.5 while, at the same time, TC ax-
ons enter the ST abnormally (Garel et al., 2002). How-
ever, those authors’ analysis of CT axons was only per-
formed until E16.5, and, in fact, they reported shifting
of CT and TC elements in the DT proper at E16.5. It is im-
portant to note that this period of fetal development is
prior to the establishment of the topography of CT pro-
jections in the DT targets. Thus, while Garel et al. sug-
gested a possibility that a displacement in TC axons,
and in the alignment of TC and CT axons, can induce a
shift in the neocortex as well as a reciprocal shift in CT
projections, if TC and CT axons do directly interact, the
time period to evaluate this was not examined. Our re-
sults demonstrate that CT innervation in the DT can shifteven in the context of normally projecting TC neurons,
which is likely to lead to a disruption of physiological rec-
iprocity between them. The functional impact of this mis-
match, given the role of reciprocal CT input in sensory
map precision (Temereanca and Simons, 2004), will be
of interest to investigate.
How does the model of independent guidance mech-
anisms for developing CT and TC topography fit with the
neuroanatomical organization of these developing cir-
cuits? CT and TC axons coalesce along similar path-
ways in the ST during development (Miller et al., 1993;
Molnar et al., 1998; Auladell et al., 2000), and the most
constricted point for both CT and TC axons is the boun-
dary between the diencephalon and the telencephalon.
However, each axon population approaches this shared
boundary with a unique organization. CT axons ap-
proach this region after they pass the ST, already sorted,
whereas TC axons come to this point before they pass
through the ST. Thus, the correct sorting of TC axons
in the ST, prior to reaching their putative cortical targets,
is likely to be of more significance than it would be for
CT axons, which require sorting after crossing the dien-
cephalon-telencephalon boundary. For between-nuclei
sorting of CT projections, the thalamic reticular nucleus,
Neuron
572which is situated just before the DT, is an interesting
candidate for a role similar to that of the ST for the guid-
ance of TC projections (Mitrofanis and Guillery, 1993;
Adams et al., 1997), and there are guidance cues ex-
pressed in this region that can be tested formally (Ska-
liora et al., 1998; Marillat et al., 2002).
The Role of EphA/ephrin-A Signaling in the
Reciprocal Organization of CT and TC Projections
How can TC and CT projections achieve their reciprocal
organization without interdependent controls? Based
on the present results and studies suggesting that the
intra-areal topography of TC projections is regulated
by an EphA gradient in thalamic nuclei and an ephrin-A
gradient in target cortical areas (Vanderhaeghen et al.,
2000; Dufour et al., 2003), we propose a model in which
complementary gradients of EphA and ephrin-A activity,
located between as well as within specific cortical areas
and their corresponding thalamic nuclei, produce recip-
rocal signaling between these structures. In our model,
however, the EphA/ephrin-A signaling controls the to-
pography of TC and CT projections independently, yet
establishes essential functional topographic reciprocity
(Figure 9).
In this model, functional gradients of EphA receptors
and ephrin-A ligands are required to be complementary
both between and within each reciprocal target. Specific
expression patterns of EphAs and ephrin-As appear be-
fore CT and TC axons reach their targets (Sestan et al.,
2001; Mackarehtschian et al., 1999; Yun et al., 2003;
Bolz et al., 2004). Together with recent evidence for in-
trinsic regulation of EphA7 and ephrin-A5 expression
within the neocortex by transcription factors or morpho-
gens (Miyashita-Lin et al., 1999; Bishop et al., 2002;
Shimogori and Grove, 2005), gradients of EphAs and
ephrin-As are likely established by intrinsic regulation
within the neocortex and DT independently. Comple-
mentary patterns might be achieved by reciprocal tran-
scriptional regulation for each by the same transcription
Figure 9. Model Depicting the Control of Reciprocal Organization of
CT and TC Projections by EphA/ephrin-A Genes
EphAs and ephrin-As are expressed in complementary gradients (in-
dicated by blue and red triangles, respectively) within and between
specific neocortical areas and their respective thalamic nuclei. TC
and CT axons with high (solid lines) and low (dashed lines) levels
of EphAs project to the domains with low and high levels of eph-
rin-As, respectively, within their targets. The projection topography
is controlled independently within the DT and the neocortex, yet
each structure establishes reciprocal connections.factor. For example, in dorsoventral patterning of the
retina, Tbx5 enhances transcription of ephrin-Bs and re-
presses EphBs (Koshiba-Takeuchi et al., 2000). In con-
trast, Vax2 enhances the transcription of EphBs and re-
presses ephrin-Bs (Barbieri et al., 2002; Mui et al., 2002).
In addition to transcriptional regulation, repressive mod-
ulation of EphA function by coexpressed ephrin-A, as
shown on retinal ganglion cell axons (Hornberger et al.,
1999), might sharpen their functional complementarity
where their expression overlaps. Reciprocal and topo-
graphic neural connections are found in many other sys-
tems throughout the brain. It will be important to deter-
mine whether this independent, but reciprocal, EphA/
ephrin-A signaling model is applicable generally to other
systems.
Experimental Procedures
Animals
Embryos and pups were obtained from timed pregnant CD-1 mice
(Charles River). Noon of the day on which a vaginal plug was ob-
served and the day of birth are designated as embryonic day 0.5
(E0.5) and postnatal day 0 (P0), respectively. All experiments using
animals were approved by the Animal Care and Use Committee at
Vanderbilt University.
In Situ Hybridization
In situ hybridization on 25 mm cryosections was performed as de-
scribed (Grove et al., 1998). Probes for EphA5 (975 bp rat partial
clone), EphA7 (1014 bp rat partial clone), and ephrin-A5 (rat full-
length clone) were kind gifts from L. F. Kromer. The probe for cad-
herin-8 is a kind gift from C. Redies (Korematsu and Redies, 1997).
For double staining with EYFP, signal was visualized using the
HNPP Fluorescent Detection Set (Roche), followed by EYFP immu-
nohistochemistry as described below. Whole-mount in situ hybrid-
ization was performed as described (Suzuki et al., 1997).
Histology and Immunohistochemistry
Brains were fixed with 4% paraformaldehyde overnight. For immu-
nohistochemistry on brain slices, 75 mm vibratome slices were col-
lected. Slices were incubated with polyclonal anti-GFP antibody
(1:3000; Molecular Probes or 1:1000; Abcam), followed by incuba-
tion with HRP-conjugated secondary antibody (1:1000; Jackson Im-
munoresearch) and TSA Fluorescence System (PerkinElmer). For
double immunohistochemistry for EYFP and DsRed2, slices were
then incubated with polyclonal anti-DsRed antibody (1:5000; BD Bi-
osciences), followed by incubation with HRP-conjugated secondary
antibody, TSA Biotin System (PerkinElmer), and avidin-conjugated
Cy3 (1:1000; Jackson Immunoresearch). Slices were counterstained
with DAPI (Molecular Probes).
For double immunofluorescent staining, 20 mm cryosections were
incubated with polyclonal anti-FoxP2 (1:1000; Novus Biologicals),
anti-Oct6 (1:1000; Santa Cruz), or anti-netrin-G1 (a kind gift from
S. Itohara) antibody, mixed with anti-GFP antibody (1:1000; Abcam),
followed by incubation with biotin-conjugated secondary antibody
and avidin-conjugated Cy3 and then with HRP-conjugated second-
ary antibody and TSA Fluorescence System. Immunoperoxidase
staining on sections was performed on 20 mm cryosections as de-
scribed (Torii et al., 1999). Cresyl violet staining was performed fol-
lowing a standard protocol. CO histochemistry was performed on
25 mm cryosections as described (Wong-Riley, 1979). Slices and
sections were photographed with a CCD camera on an Axoplan2 mi-
croscope or an LSM510 confocal microscope (Carl Zeiss).
Ligand Binding and Receptor Binding Histochemistry
Ligand binding and receptor binding histochemistry on 20 mm cryo-
sections was performed as described (Janis et al., 1999). Recombi-
nant human ephrin-A5/Fc or EphA7/Fc chimeric protein (R&D Sys-
tems) binding sites were visualized using the TSA Biotin System
and avidin-conjugated Cy3 or Cy5 (1:1000; Jackson Immunore-
search). After visualization, some sections were treated with the
Ephs and Corticothalamic Development
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histochemistry.
Expression Plasmids and siRNAs for Electroporation
IRES-EGFP (BD Biosciences) was inserted into pCAGGS vector
(Niwa et al., 1991) as a control plasmid (pCAG-IRES-EGFP). Full-
length cDNA of rat EphA7 (a gift from L. F. Kromer) followed by
IRES-Venus (EGFP was replaced to Venus [Nagai et al., 2002], a var-
iant of YFP [a gift from A. Miyawaki]) was inserted into pCAGGS as the
EphA7-expression plasmid (pCAG-EphA7-IRES-Venus). DsRed2
(BD Biosciences) was inserted into pCAGGS as a reporter plasmid
(pCAG-DsRed2). pCAG-EYFP was provided by T. Saito. The dou-
ble-stranded EphA7 siRNA was predesigned by Ambion (siRNA ID,
103405; Ambion: sense: GGAUAACUAUGUCACUGUCtt, antisense:
GACAGUGACAUAGUUAUCCtc). A nonspecific siRNA (Silencer Neg-
ative Control #1 siRNA; Ambion) was used as a negative control.
In Utero Electroporation
In utero electroporation was carried out at E12.5 as described (Ta-
bata and Nakajima, 2001; Saito and Nakatsuji, 2001). DNA solutions
of pCAG-EphA7-IRES-Venus (2 mg/ml), pCAG-IRES-EGFP (2 mg/
ml), EphA7 siRNA (0.5 mg/ml), or control siRNA (0.5 mg/ml) were in-
jected, with a higher concentration of pCAG-DsRed2 (3 mg/ml),
which labels all transfected cells, and a lower concentration of
pCAG-EYFP (0.5 mg/ml) to label only the subpopulation with high
levels of ectopic gene expression. Brains from embryos or pups
were collected and photographed using a CCD camera (Carl Zeiss)
on a MZFLIII fluorescent stereomicroscope (Leica). The numbers of
electroporated brains analyzed for S1/S2-VB/POm topography
were: EphA7, 9 (P4) and 6 (P12); control plasmid or siRNA, 12 (P4)
and 3 (P12); and EphA7 siRNA, 4 (P4) and 4 (P12). The numbers of
brains for visual-LP topography were: EphA7, 4 (P4) and 2 (P12);
and control plasmid, 5 (P4) and 1 (P12). There were a few cases in
which exogenous gene expression occurred in the ST and cortex,
but not in the DT. Brains in which exogenous gene expression oc-
curred only within the cortex were analyzed.
Quantification of Areas Occupied by CT Axons
The spatial shift of EYFP+ CT projections by altered EphA7 expres-
sion levels was measured in coronal sections through the DT as fol-
lows (Figure 5M). Slices were collected from brains electroporated
(control: n = 5, EphA7 EP: n = 5, and EphA7 siRNA EP: n = 4) in S1
and/or S2 among all electroporated brains analyzed (some of which
were also electroporated into frontal and nonsomatosensory areas,
which we excluded from the quantitative analysis.). A similar distri-
bution of EYFP2CT projections within VB and POm at the same cor-
onal level was confirmed (for example, see EYFP2 labeling in Figures
4C, 4F, 5I, and 5L). We divided VB and POm anatomically into 30 bins
vertical to the mediodorsal-to-lateroventral axis of the nuclei. The
area occupied by EYFP+ CT axons in each bin was measured using
Scion Image (Scion Corporation) and normalized to the total area oc-
cupied by EYFP+ CT axons in the entire VB and POm to obtain the
percentage distribution (area-fraction) along the designated axis
through the nuclei. The slides were coded so that the investigator
was blind to the electroporation condition. Repeated Measures AN-
OVA was performed using SPSS (SPSS Inc.).
Quantitative Analysis of the Distribution of CT Axons
In four brains electroporated in the cortex with the EphA7 plasmid, X
(anterior to posterior) 2 Y (ventral to dorsal) axial positions of
DsRed2+ and EYFP+ CT axon bundles in cross-sections around
the exit point of the IC were measured on confocal images using
Scion Image. Areal weight centers of DsRed2+ and EYFP+ CT axons
were calculated using Excel (Microsoft). The distance of the center
of EYFP+ axons from that of DsRed2+ axons was determined by set-
ting the coordinates of the center of DsRed2+ axons to (0, 0) and
plotted onto the scatter plot.
Axonal Tracing
A small crystal of DiI (Molecular Probes) was inserted with a fine nee-
dle into the superficial layers of P4 electroporated neocortex fixed
with 4% paraformaldehyde in PBS. The sites of injection were the
middle of the EYFP+ S1 region, visualized under fluorescent illumina-
tion with a MZFLIII stereomicroscope, and the corresponding regionin the nonelectroporated contralateral side as a control. After stor-
age in fixative for 3 to 4 weeks in the dark at 37ºC, 75 mm vibratome
slices were collected, and EYFP immunohistochemistry was per-
formed. The superficial DiI injection predominantly labels TC axons
retrogradely from cortical layer IV to their cell body in the DT, and not
CT axons anterogradely from layer VI (see Figures 8G–8L). For triple
labeling with DiI and DiA and EYFP immunostaining, each crystal
was inserted into the dorsal and ventral region within the EYFP+
S1 region, and EYFP immunohistochemistry was performed using
avidin-conjugated Cy5.
Supplemental Data
Supplemental Data include five figures with legends and are avail-
able with this article online at http://www.neuron.org/cgi/content/
full/48/4/563/DC1.
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